groups by assessing epithelial proliferation, ISC numbers, and the production of AMPs. We found that PC numbers were significantly increased in CR versus GF mice; however, there were no differences in ISC numbers or cycling activity between groups. Of the AMPs assessed, only
Introduction
Originally described in the late 1800's, Paneth cells (PCs) are highly specialized secretory cells of the small intestinal epithelium. 1, 2 They are located at the base of the crypts of Lieberkühn, positioned amongst the actively cycling intestinal stem cells (ISCs). 3 PCs have a distinct morphology, characterized by large, eosinophilic secretory granules. These cells support an array of homeostatic functions, ranging from innate host defense 4 to maintenance of the ISC niche. 5 Importantly, PC abnormalities have been implicated in a number of human disease processes, including Crohn's disease, 6 necrotizing enterocolitis, 7 and graft versus host disease. 8 Therefore, there is a strong rationale to understand the factors that regulate the development and function of these cells.
To date, numerous studies have shown that intrinsic host factors are critical for proper PC development and function. Our group has previously shown that background host genetics profoundly impact PC biology. 9 Specifically, we demonstrated that mice on different genetic backgrounds (C57BL/6J and 129/SvEv) show striking differences in PC number and functional antimicrobial peptide (AMP) expression. At a molecular level, several host-signaling pathways have been implicated in PC development. Wnt signaling promotes PC maturation, 10 driving the expression of genes required for proper PC development and migration to the base of small intestinal crypts. 11 Conversely, Notch signaling blocks secretory cell development (including PCs) by repressing Atoh1, which serves as a master regulator of secretory cell differentiation in the intestine. 12, 13 Collectively, these studies illustrate the importance of intrinsic host factors that regulate PC development and function.
4
Despite our increasing understanding of host influences on PC function, the impact of extrinsic luminal factors on PC physiology is less clear. In particular, the intestinal epithelium is intimately situated adjacent to an extensive community of resident microorganisms, collectively termed the gut microbiota. These microbes perform key functions that enhance the health of the host, including modulating caloric utilization, 14 regulating mucosal immunity, 15 and maintaining epithelial integrity. 16 Elegant studies have shown that PCs are able to regulate the ecology of the intestinal microbiota via AMP secretion, 17 and that pathogenic bacteria such as Salmonella enterica can influence PC biology. 18 However, the impact of commensal gut bacteria on PC development and function is less clear. Indeed, previous work examining the influence of the enteric microbiota on PC biology has yielded conflicting results. Early studies comparing germfree (GF) and conventionally-raised (CR) rodents showed equivalent numbers of PCs in these animals. 19, 20 However, work by Rodning et al. demonstrated PC hyperplasia in GF laboratory rats, 21 while yet other groups have shown reduced PC numbers in GF rodents compared to their CR counterparts. 22, 23 These discrepant data highlight the gaps in our knowledge of microbial regulation of PC function.
Given the conflicting findings described above, the primary goal of the present study was to thoroughly characterize the impact of the enteric microbiota on PC number and function. To accomplish this, we used flow cytometry and enteroid culture techniques to enumerate jejunal PCs and assess key PC functions, including driving epithelial proliferation, supporting the ISC niche, and producing AMPs. Using these approaches, we describe key differences in PC number and function between CR and GF mice. These findings provide important knowledge regarding the impact of the gut microbiota on PC function, and are critical for investigators using GF mice and enteroid models to study PC and ISC biology.
Results

Germ-free mice have fewer jejunal Paneth cells than conventionally raised mice
PCs were first enumerated using hematoxylin and eosin (H&E) stained slides from the distal jejunum. Representative histology is shown in Fig. 1A . When quantified in numerous crypts from multiple biological replicates (Fig. 1B) , PC numbers were found to be significantly decreased in GF mice relative to CR counterparts (4.1 ± 0.3 versus 6.4 ± 0.3 PCs/crypt respectively). To minimize the potential for sampling error inherent in histologic analyses, we further investigated PC numbers in the entire jejunal epithelium of CR and GF mice via flow cytometry. Using a gating scheme previously described, 9 PC numbers were assessed by quantifying the lysozyme-positive (Lyz + ) population in jejunal epithelial cell preparations (Fig.   1C ). Consistent with our histological data, the percentage of Lyz + cells in the total jejunum epithelium was significantly lower in GF mice compared to CR animals (0.37 ± 0.11% versus 0.86 ± 0.15% respectively, Fig. 1D ). It should be noted that GF mice had longer villi (694 ± 17 versus 490 ± 11 μm) and greater intestinal length (34.2 ± 0.5 versus 30.4 ± 0.5 cm) than their CR counterparts. While this may affect absolute cell numbers, the similar findings in both our histologic and flow cytometry analyses support an overall decrease in jejunal PCs in GF mice.
Germ-free and conventionally-raised mice have similar rates of epithelial proliferation, intestinal stem cell numbers and cycling status
PCs are known producers of multiple Wnt proteins, which in turn are key drivers of epithelial cell proliferation in the gut. 24 Therefore, we hypothesized that the diminished PC numbers observed in GF mice would be associated with decreased proliferation in jejunal crypts.
Remarkably, however, 5-ethynyl-2'-deoxyuridine (EdU) immunofluorescence staining showed the proliferative zone of CR and GF crypts to be quite similar ( Fig. 2A) . This was confirmed quantitatively using flow cytometry (Fig. 2B (Fig. 3D ), CR and GF mice showed no differences in the percentage of ISCs that were actively cycling (27.4 ± 6.9% versus 24.5 ± 6.8% respectively).
Enteroids from germ-free and conventionally-raised mice demonstrate similar ex vivo crypt survival and proliferation
Because 3-D culture has proven to be a valuable tool to study the behavior of ISCs, we next generated enteroids from GF and CR mice. We then quantified the efficiency of enterosphere and enteroid formation, numbers of lateral bud counts, and enteroid area. These parameters have been previously used to assess ISC survival and proliferation. 27, 28 Representative images of CR 7 and GF enteroids grown in Matrigel for 6 days are shown in Fig. 4A . The efficiency of plated crypts (day 0) in generating enterospheres (day 1) and enteroids (day 6) was quantified in Fig.   4B , and showed no difference between the two experimental groups. This suggests similar ex vivo survival of CR and GF jejunal ISCs. Lateral budding and 2-D area of CR and GF enteroids (day 6) are depicted in Fig. 4C . Again no differences in ex vivo CR and GF ISC proliferation were identified using these parameters.
The enteric microbiota has a limited impact on jejunal Paneth cell antimicrobial peptide transcript expression
In addition to their supporting role within the ISC niche, PCs also contribute to the mucosal defense system of the intestine via the production of AMPs. Although the impact of the microbiota on AMP expression has been examined in ex-GF mice, [29] [30] [31] [32] to our knowledge this has not been performed in a comprehensive fashion in freshly derived jejunal crypts from mice that have been born and raised in GF versus CR conditions. To accomplish this, we measured GF and CR crypt transcript levels of representative molecules from the primary PC AMP classes expressed in C57BL/6J mice. These include lysozyme (Lyz), C-type lectins (Reg3), angiogenin 4 (Ang4), α-defensins (PanCrp), and cryptdin-related sequence peptides (Crs1c). These results are shown in Fig. 5 . As indicated, Reg3 was the only AMP that was significantly regulated by the microbiota in this system. This reduction of Reg3 expression in the GF state is consistent with previous studies.
29, 30
Enteroid culture fails to recapitulate in vivo differences of PC function
While numerous studies have attested that Matrigel-based 3D enteroid cultures are an acceptable in vitro model to study the behavior of ISCs, investigators have only just begun using this system to analyze PC function. 33 Given the robust differences in vivo of Reg3 expression in CR versus 8 GF intestinal crypts shown in Fig. 5 , we sought to use enteroid cultures to explore the hypothesis that these differences reflect crypt autonomous signaling from luminal microbiota. Interestingly, the baseline endogenous Reg3 expression of CR crypts was rapidly lost in culture. The data in Fig. 6 show that by day 6, levels of Reg3 mRNA in enteroids from CR and GF mice were equivalent to those in the original crypts from GF mice. The obvious explanation for this observation would be that the lack of bacteria and/or bacterial products in the sterile culture system results in loss of the signaling responsible for elevated Reg3 expression in CR crypts.
To assess this, we attempted to re-induce Reg3 mRNA expression in CR enteroids by stimulating them with a panel of microbial products, including heat-killed bacteria,
lipopolysaccharide (LPS), flagellin, and muramyl dipeptide (MDP). No induction of Reg3
expression was detected upon exposure of CR enteroids to these ligands (data not shown).
Similar findings were observed when enteroids were disrupted prior to ligand exposure, to allow for interaction with the apical surface of the epithelial cells.
Discussion
In this study, we have sought to define the impact of the enteric microbiota on PC biology in the murine small intestine. To this end, we have completed a comprehensive, three-dimensional analysis of PC census within the jejunum of mice lacking an endogenous microbiota, as compared to mice raised in conventional housing conditions. We have also characterized the putative downstream consequences of altered PC function in these experimental groups. In doing so, we have established that the commensal microbiota does indeed regulate PC biology in this region of the intestinal tract. This is evidenced by increased PC numbers and transcript expression of the AMP Reg3 in the jejuna of CR mice, as compared to GF animals.
Despite the increased PC census in CR mice relative to their GF counterparts, we found no differences in the overall proliferative status of the jejunal epithelium in these experimental groups. These observations extended to the ISC compartment, in which ISC numbers and cycling status were similar between CR and GF mice. This suggests that decreased PC numbers do not directly associate with diminished epithelial proliferation or maintenance of the ISC niche in the jejunum of GF animals. Although PCs are able to support the ISC compartment, 5, 25 our findings are consistent with work demonstrating that PCs are not essential for the survival and proliferation of active ISCs. 34 Specifically, the intestinal stroma is able to serve as a niche for
ISCs, even in the absence of epithelial-derived Wnt ligands. 35 Such compensatory signaling may allow GF ISCs to develop appropriately, despite a reduction in PC numbers.
The similar rates of epithelial proliferation, ISC numbers, and cycling status between CR and GF mice also indicate that the enteric microbiota does not influence these parameters through PCindependent mechanisms. This is consistent with early studies that showed similar crypt depth and mitotic indices in the jejuna of CR and GF Wistar rats. 36 Therefore, it is possible that differences in reserve ISC communities between CR and GF mice could be undetected using a CD24-based analysis. Intriguingly, the study by Peck et al.
described above demonstrated increased numbers of Sox9-EGFP High cells in GF mice compared to CR counterparts. 37 Although the Sox9-EGFP High population represents a heterogeneous group of cells, high levels of Sox9 have been linked to the reserve ISC state. 43 Hence it is possible that the microbiota has a suppressive effect on reserve ISCs. Future studies using ISC injury models in CR and GF mice could provide valuable insight into the functional relevance of these findings.
While the enteric microbiota does not appear to impact PC influences on the ISC compartment, we did identify alterations in the PC antimicrobial program of GF mice. Specifically, transcript levels of Reg3 were significantly reduced in GF jejunal crypts, relative to those derived from SPF mice. Although Reg3 can be expressed broadly in intestinal epithelial cells, it is highly abundant in PCs, as evidenced by gene expression profiling of laser captured PCs, as well as immunogold electron microscopy. 29 This previous study also demonstrated an induction of Reg3 after colonizing GF mice with a complex microbiota, and Reg3 is known to be regulated by MyD88 signalling, 44, 45 supporting the concept that bacterial ligands can stimultate its expression. Interestingly, the other major classes of mouse AMPs (Lyz, Ang4, Crs1c, and the α-defensins) were not influenced by the microbiota in the mouse jejunum. Again, it is possible that small intestinal location may impact these findings. Although additional studies are needed, this is supported by evidence that mouse PC AMPs display substantial regional variation along the length of the intestinal tract, 30 and work from our group demonstrating that the microbiota does induce mRNA expression of Lyz, Ang4, Reg3γ and the α-defensins in the mouse ileum. 9 To mechanistically study how the microbiota regulates jejunal Reg3 expression, we turned to the enteroid system, which provides a more reductionist approach to study this question.
Enteroids derived from CR and GF crypts both contained all 4 differentiated lineages of the small intestine, including PCs. Moreover, we found no differences in the efficiency of enteroid formation, lateral bud counts, or area between enteroids generated from GR and GF mice.
Strikingly, when Reg3 transcripts were measured in these enteroids, the marked in vivo differences in expression between CR and GF mice were abrogated. Specifically, by 6 days after plating, both CR and GF enteroids expressed low levels of Reg3 that were similar to GF mice.
These findings demonstrate that PCs in the enteroid culture system display different biological characteristics to those in vivo, and serve as a caution to investigators using classic enteroid culture to study PC function.
A key difference between jejunal enteroids and in vivo crypts is the lack of a commensal microbiota in the culture system. To determine if bacterial engagement with the intestinal epithelium is required to induce Reg3 expression, we stimulated CR enteroids with a variety of bacterial ligands at both their basolateral and apical surfaces. None of the ligands tested, including heat-killed bacteria, were able to induce Reg3 expression in the enteroid system.
Similarly, previous work by Davies et al. has shown that the bacterial ligands LPS and
Pam3CSK4 do not impact the morphology or survival of jejunal enteroids. 28 However, this study did demonstrate that the percentage of Lyz + PCs was reduced in enteroids treated with the viral mimetic Poly I:C. Emerging data suggest that non-bacterial components of the microbiota, such as viruses, fungi, and archea, play key roles in modulating host physiology. 46 Although the impact of these non-bacterial organisms on PC function is beyond the scope of our current study, it will be interesting to examine such influences in future investigations. It should also be noted that ex vivo enteroids also lack influences from the underlying stroma. Therefore, it is possible that microbial regulation of Reg3γ expression may occur indirectly through underlying mesenchymal cells. In future studies, co-culturing enteroids with specific stromal components will allow us to determine if non-epithelial cell types are required to transmit signals from the enteric microbiota to the PC compartment.
Ultimately, the findings presented in this study have important clinical implications, as PC dysfunction is believed to contribute to a wide variety of gastrointestinal disorders. For example, PC-specific disruption of the Crohn's disease (CD) risk allele Xbp1 leads to spontaneous enteritis, suggesting these cells may be important regulators of intestinal inflammation in specific patients. 47 Indeed, several CD risk alleles have been associated with abnormal PC morphology and activity, 48 and PC defects in CD patients appear to promote intestinal dysbiosis. 49 In addition to the chronic inflammatory processes observed in CD, PCs are also involved in the pathogenesis of more acute intestinal injury. Specifically, PCs appear to be a key target in intestinal graft-versus-host disease. 50 This leads to significant disruption of intestinal 13 homeostasis and the enteric microbiota, and is associated with increased patient mortality. 51 Finally, PC disruption has also been implicated in the pathogenesis of necrotizing enterocolitis, demonstrating an important role for these cells in the developing intestine. 52, 53 The findings presented in the current study represent an important step towards understanding how the microbiota regulates PC function. This knowledge will be necessary to ultimately develop microbial modulation strategies (i.e. probiotics, antibiotics, fecal microbiota transplantation) as novel therapies for these diseases.
In conclusion, our findings demonstrate that the enteric microbiota regulates jejunal PC function by increasing PC numbers and inducing Reg3γ expression. In contrast, the enteric microbiota does not appear to regulate jejunal ISC census and proliferation. We believe these findings are important considerations for investigators using GF mice and the enteroid culture system to study PC and ISC biology. Moreover, they set the stage for future work focused on developing specific microbial-based strategies to enhance PC function that may be of critical importance for a spectrum of gastrointestinal disorders.
Materials and Methods
Mice
All animal experiments were approved by the University of North Carolina Institutional Animal
Care and Use Committee, and performed per guidelines dictated by the American Association for Laboratory Care and Research. Adult (8-16 week old), female, wild-type, C57BL/6J mice were housed in either CR or GF conditions under a 12:12-h light-dark cycle. CR mice were born and raised for a minimum of three generations in specific pathogen free conditions. GF mice were derived and maintained in sterile conditions at the National Gnotobiotic Rodent Resource
Center at UNC Chapel Hill.
Histologic analyses
Paneth cell quantification: The small intestine, excluding the duodenum, was procured by isolating intestinal tissue from the ligament of Treitz to the ileo-cecal junction. The jejunum was defined as the proximal one-half of this resected specimen. The distal 1.5 cm of this jejunal segment was removed for histology and fixed in 10% phosphate buffered formalin for 48 hours.
The tissue was then embedded longitudinally in paraffin and cut in 5 μm sections for H&E staining. PC number was assessed by counting the granulated eosinophilic cells at the base of crypts. Only crypts that possessed an intact lumen from the base of the crypt to the lumen of the intestine were considered for analysis. A minimum of 10 crypts was analyzed per animal, allowing for the calculation of an average number of PCs/crypt from each mouse. All histological measurements were performed by a blinded scorer.
Proliferation: Mice were euthanized following a 1 h pulse of EdU (100 µg) delivered intraperitoneally. The intestine was removed, flushed, and placed in 4% paraformaldehyde overnight at 4°C, and then transferred to a 30% sucrose solution overnight at 4°C. The tissue was then embedded in optimal cutting temperature (Tissue-Tek catalog no. 4583). 8 µm sections were cut, and EdU was detected using the Alexa 488 azide included in the Imaging Kit (Thermofisher catalog no. C10337).
Flow cytometry analyses
Flow cytometry was used to enumerate the following cell populations: 1) total PCs (Lyz C10424). In all flow cytometry studies, CD45 + hematopoietic cells and debris were excluded based on their established location on bivariate forward scatter versus side scatter plots, and doublets were excluded using pulse width versus forward scatter analysis. 26 All gates were established using fluorescence minus one controls to identity labeled cells. 55 Further details of this approach are described in Suppl. Fig. 1 .
Crypt culture experiments
Crypt isolation and culture: Crypts were isolated from 10 cm jejunal tissue as previously described. 56 Specific reagents and methods for crypt culture are described in detail by Sato et al. and are based largely on this protocol. 57 Briefly, crypts were plated at a density of 60-100 Media was changed every 6 days.
Enteroid analyses: Analyses were performed using bright field microscopy. Efficiency measurements were calculated by quantifying total number of enterospheres (day 1) or enteroids (day 6) divided by the total number of plated crypts (day 0). These structures were defined as recommended by the Intestinal Stem Cell Consortium. 58 Enteroid budding was enumerated by counting total number of lateral buds per enteroid, while area was assessed using ImageJ (https://imagej.nih.gov/ij/). All measurements evaluated total structures from a minimum of four wells per mouse. Each biological replicate is represented as the average of these technical replicates.
Enteroid stimulation studies: Enteroids were grown in culture for 6 days as described above. At this time, they were stimulated with bacterial ligands that had been added to fresh media.
Specific ligands included: heat killed bacteria (Listeria monocytogenes and Salmonella enterica serovar Typhimurium), LPS (10 or 100 μg/mL), flagellin (10 ng/mL), or MDP (10 μg/mL).
Multiple stimulation times were assessed, including 1, 6, 24, and 48 hours. To enhance apical exposure of epithelial cells to these ligands, the described conditions were also applied to enteroids that had been physically disrupted by repeat pipetting through a 21 gauge needle and syringe.
Antimicrobial peptide transcript expression analyses
RNA extraction: For each biological replicate, RNA was extracted from ~2000 jejunal crypts or ~150-200 6-day old enteroids. For crypts, tissues were deposited in 600 μL Buffer RLT (Qiagen catalog no. 79216) supplemented with 10 μL/mL of β-ME, vortexed, and frozen at -80 °C. 
Statistical Analyses
GraphPad Prism software version 6 was used to analyze experimental groups. Results are expressed as scatter plots with the mean indicated as a line. Differences between groups were compared using an unpaired Mann-Whitney test. P < 0.05 was considered significant. To determine effects of microbial status and culture conditions on Reg3 expression, two-by-two tables were generated using qRT-PCR data for Reg3 and subjected to two-way ANOVA, with the α set at P < .05.
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